A manufacturing method of large-sized spiral bevel gears has been developed using a multi-axis control and multi-tasking machine tool in recent years. As a result of trial manufacturing of large-sized spiral bevel gears in a cyclo-palloid system using a multi-axis control and multitasking machine tool, and the surfaces roughness and tool mark of the machined gears were compared with those using a special generator, the surfaces were rough and leprous tool mark occurred. In this paper, the tooth surfaces are polished using a PVA elastic grindstone in order to improve the surface roughness and leprous tool mark. As a result, the surface roughness was improved after polishing although the wear and clogging of the elastic grindstone occurred.
Introduction
Spiral bevel gears are needed to transmit power and motion between intersecting axes and widespread applications in gear transmission [1] . The large-sized spiral bevel gears are usually manufactured based on a cyclo-palloid system and have equi-depth teeth as well as a face hobbing system that is a continuous cutting procedure using a special generator [2] . However, the number of the production of the generator corresponding to the large-sized spiral bevel gears has recently decreased and the production cost has been expensive.
The high precision machining of the large-sized spiral bevel gears has been expected because of the development of a multi-axis control and multi-tasking machine tool [3] . In this method, the spiral bevel gears are modeled based on a CAD system and are machined based on a CAM system. This method has some advantages such as an arbitrarily modification of the tooth surface, machining of the part except the tooth surface, and unnecessary of a special jig and tool.
In the previous paper, a manufacturing of large-sized spiral bevel gears in a cyclo-palloid system using a multi-axis control and multi-tasking machine tool has been tried [4] and the surfaces roughness and tool mark of the machined gears have been compared with those using a special generator [5] . As a result, the surfaces were rough and leprous tool mark occurred.
In this paper, the tooth surfaces are polished using a PVA elastic grindstone in order to improve the surface roughness and leprous tool mark. As a result, the surface roughness was improved after polishing although the wear and clogging of the elastic grindstone occurred.
Machining of Spiral Bevel Gears Using Multi-Axis Control and Multi-Tasking Machine Tool
Tooth surfaces of spiral bevel gears Spiral bevel gears are usually generated by an imaginary crown gear that is equivalent to a rack in generation of spur gears. The tooth trace of the imaginary crown gear in the Klingelnberg cyclopalloid system is an extended epicycloid. This imaginary crown gear is rotated about its axis and generates the tooth surface of the spiral bevel gear. Any point on the tool surface of the crown gear and its unit normal in the coordinate system fixed in space are defined using the equation of meshing between the crown gear and the generated gear [6] . When the tool surface of the imaginary crown gear in the coordinate system fixed in space is transformed into the coordinate system fixed to the generated gear, the coordinates of convex and concave tooth surfaces of the gear and pinion are determined, respectively. Moreover, the unit normals of the surfaces are also determined, respectively.
The determined coordinates are changed by the phase of one pitch after the tooth surfaces are determined. This process is repeated and produces the numerical coordinates on other convex and concave tooth surfaces. When the range of the existence of the workpiece that is composed of the root cone, face cone, heel, and toe etc. is indicated, the spiral bevel gear is modeled. On the other hand, the tool pass is calculated automatically after checking tool interferences, choosing a tool, and indicating cutting conditions. Therefore, the CAM process can be realized. Table 1 shows basic dimensions of spiral bevel gears. The number of teeth of the pinion is pretty smaller than that of the gear. The wear and fatigue on the tooth surface of the pinion proceed comparing with those of the gear when the pinion and gear drive in practical use. Therefore, the machining and polishing of the pinion are considered in this paper.
Machining of Spiral Bevel Pinion
The machining processes were divided into three parts, namely, roughing, semi-finishing, and finishing. Table 2 shows the conditions for semi-finishing and finishing in pinion machining. A 5-axis control combined machine (DMG MORI SEIKI Co., Ltd. NT6600) was utilized in pinion machining. The ball end mills made of cemented carbide for a hard cutting tool was used in the machining of both tooth surfaces and tooth bottoms. The tooth surfaces were machined by a tip point machining. The number of edges is three, and the diameter of end mill is 6 mm. The pinionwork made of 18CrNiMo06 was prepared. The pinion-work was rough-cut and was heat-treated. Then, the pinion was semi-finished with the axial depth of cut of 0.2 mm after heat-treatment. Afterward, the pinion was finished with the axial depth of cut of 0.08 mm. The machining time in roughing was about 8 hours and it in both semi-finishing and finishing was about 12 hours. That is, the total machining time was 20 hours. The machining was finished without trouble such as the defect of the end mill.
Surface Roughness after Machining
As a result of the surface roughness of the machined pinion using a 5-axis control combined machine has been compared with those using a special generator (Klingernberg AMK855), the surface roughness Ra in both methods was from 0.2 μm to 0.3 μm in the direction of tooth profile in drive and coast sides, respectively. On the other hand, Ra using a specia1 generator in the direction of tooth trace was from 0.212 μm to 0.242 μm. Ra in the direction of tooth trace using a multi-axis control and multi-tasking machine tool was from 0.445 to 0.463 μm. These values were twice as those using a specia1 generator although the required accuracy which was less than 0.8 μm was satisfied. Moreover, the leprous tool mark by end mill using a multi-axis control and multi-tasking machine tool was observed on the tooth surface. The surface roughness in the direction of tooth trace seems to increase due to this tool mark.
Polishing of Spiral Bevel Pinion Using Elastic Grindstone
The pinion concave tooth surfaces were polished using a PVA elastic grindstone shown in Figure 1 in order to improve the surface roughness and leprous tool mark. Swarf machining was conducted in polishing in order to make the life of the grindstone long. Table 3 shows the polishing conditions. The positions of contact points between the tool and pinion-work were changed corresponding to the step of the swarf as shown in Figure 2 . Therefore, the pinion tooth surfaces were polished using the full width of the tool.
Under these conditions, the pinion with 16 teeth was polished. Figures 3 (a) and (b) show first pinion tooth surfaces observed using a microscope before and after polishing, respectively. The leprous tool mark disappeared on the pinion tooth surface after polishing. The surface roughness Ra of 16 teeth were measured. Table 4 shows the measured results of Ra. The target value adding together Ra in the direction of tooth profile and tooth trace is less than 0.5 m. Ra in the directions of tooth profile and tooth trace were 0.227 m and 0.129 m for first tooth. Therefore, the value adding together was 0.356 m. However, Ra increased gradually after second tooth and the value adding together reached 0.5 m for five tooth. Then, the value was beyond the target value after sixth tooth and the maximum value was 0.541 m for seventh tooth. Ra in the direction of tooth profile was from 0.2 m to 0.3 m and was stable. However, Ra in the direction of tooth trace was beyond 0.2 m from third tooth and became rough. The polishing leavings were observed on the tooth bottom from third tooth and these were spread gradually. The leprous tool mark on the dedendum of the tooth surface was observed for fifth tooth and the leprous tool mark all over the tooth surface was observed for seventh tooth. This leprous tool mark for sixteenth tooth was observed than that of seventh tooth widely. The reason seems that the wear and clogging of the elastic grindstone occurs.
The surface deviations and pitch errors after polishing were measured, and were compared with those before polishing. The deviations until seventh tooth did not change almost. However, the tooth bottom from ninth tooth was sharpened gradually and the deviation became large. The cumulative pitch errors after polishing had a change for a worse from 9.6 m to 28.4 m. The single pitch errors after polishing had a change for a worse from 8.0 m to 12.3 m.
Conclusions
The tooth surfaces of spiral bevel pinion were polished using a PVA elastic grindstone in order to improve the surface roughness and leprous tool mark. As a result, the tooth surface roughness was improved after polishing although the wear and clogging of the elastic grindstone occurred.
